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Su bboundar ies  were s t u d i e d  i n  molybdenum u s i n g  an e t e h -  
p i t  t e c h n i q u e .  The d i s l o c a t i o n s  were f i r s t  d e c o r a t e d  a t  
600°C f o r  15 m inutes  i n  vacuum. D e c o r a t io n  i s  a c c o m p l i s h ­
ed by the  movement o f  i m p u r i t i e s  t o  th e  d i s l o c a t i o n  s i t e s .  
A f t e r  removal o f  about 300 microns of  h e a v i l y  c o ld -w ork ed  
m a t e r i a l ,  e t c h - p i t s  were formed on d i s l o c a t i o n  s i t e s ,  u s i n g  
an e l e c t r o - e t c h a n t  c o n s i s t i n g  of  1 p a r t  s u l f u r i c  a c i d  and 
V p a r t s  m ethyl  a l c o h o l .
The su b b ou n d a r ie s  i n  the  m a t e r i a l  s t u d i e d  were m ain ly  
p a r a l l e l  t o  t h e  ^00-^ growth  d i r e c t i o n .  The subboundary  
s t r u c t u r e  o b serv ed  i n  molybdenum s i n g l e  c r y s t a l s  s u g g e s t e d  
t h a t  the  d i s l o c a t i o n  network was formed o f  d i s l o c a t i o n s  w i t h  
b o t h  ( i l l ?  Burgers  v e c t o r s  and a Q <&0^> B urgers  v e c t o r s .
Burgers  v e c t o r s .
Most of t h e  s u b g r a in s  i n  th e  molybdenum were be tw een  
80 and 200 microns i n  d i a m e t e r .  The l e n g t h  of  the  su b g r a in s
T w o - fo ld  nodes were formed o f  d i s l o c a t i o n s  w i t h
i i i
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v a r i e d  c o n s i d e r a b l y *  Some s u b g r a i n s  w ere  a s  l o n g  a s  1 cm* 
The s u b b o u n d a r i e s  o b s e r v e d  i n  molybdenum were  m a i n l y  t h o s e  
made up o f  d i s l o c a t i o n s  fo rm e d  d u r i n g  th e  g r o w th  o f  t h e  
s i n g l e  c r y s t a l s *  T h e re  was e v i d e n c e  t h a t  s u b b o u n d a r i e s  
were  a l s o  fo rm ed  by  th e  p o l y g o n i z a t i o n  o f  d i s l o c a t i o n s  
fo rm ed  b y  t h e r m a l  s t r e s s e s *
The s u b b o u n d a r i e s  ex am in e d  w ere  fo u n d  to  be i n  e l a s t i c  
e q u i l i b r i u m  a c c o r d i n g  to  S t r o h ! s a n i s o t r o p i c  t r e a t m e n t *  
H ow ever ,  t h e y  were  a l s o  i n  e q u i l i b r i u m  u s i n g  i s o t r o p i c  
e l a s t i c i t y *  T h is  r e s u l t  was u n e x p e c t e d  s i n c e  th e  a n ­
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Most o f  t h e  d i s l o c a t i o n  t h e o r y  c o n c e r n e d  w i t h  e l a s t i c ­
i t y  h a s  b een  d e v e l o p e d  a s s u m in g  e l a s t i c  i s o t r o p y ,  a l t h o u g h  
c r y s t a l l i n e  m a t e r i a l s  a c t u a l l y  a r e  e l a s t i c a l l y  a n i s o t r o p i c .  
The r e a s o n  f o r  t h i s  a s s u m p t i o n  was t h e  t r e m e n d o u s  s i m p l i f i ­
c a t i o n  i n  t h e  m a t h e m a t i c a l  t r e a t m e n t  o f  d i s l o c a t i o n s , ,  Many 
o f  t h e  r e s u l t s  do n o t  seem t o  d e p e n d  c r i t i c a l l y  on a n i s o ­
t r o p i c  e f f e c t s .  The work  p r e s e n t e d  i n  t h i s  t h e s i s  was i n ­
t e n d e d  t o  d e t e r m i n e  t h e  s u b s t r u c t u r e  o f  a n n e a l e d  molybdenum 
c r y s t a l s  and  t o  d e t e r m i n e  w h e t h e r  t h e  s u b b o u n d a r i e s  o b s e r v e d  
i n  a n n e a l e d  c r y s t a l s  w ere  e q u i l i b r i u m  s u b b o u n d a r i e s  a c c o r d ­
in g  to  c u r r e n t  t h e o r e t i c a l  m a t h e m a t i c a l  t r e a t m e n t s .
D i s l o c a t i o n s  i n t r o d u c e  a volume o f  s t r a i n e d  m a t e r i a l  
i n t o  a c r y s t a l .  N e a r  t h e  d i s l o c a t i o n  l i n e ,  t h e r e  i s  a 
r e g i o n  where  b o t h  n o n - l i n e a r  s t r a i n  and  p l a s t i c  d e f o r m a t i o n  
e x i s t ;  h o w e v e r ,  m os t  o f  t h e  s t r a i n e d  volume c a n  be  t r e a t e d
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u s i n g  t h e  c l a s s i c a l  t h e o r y  o f  e l a s t i c i t y ,  b a s e d  on Hooke*s 
l a w ,  Most o f  t h e  c o n t i n u u m  t h e o r y  o f  l a t t i c e  d e f e c t s  e o n -  
s i d e r s  o n l y  t h e  H ook ian  r e g i o n  a ro u n d  a d i s l o c a t i o n  an d  
t h e r e f o r e  would  n o t  be c o r r e c t  when d i s l o c a t i o n s  a p p r o a c h  
e a c h  o t h e r  t o  d i s t a n c e s  c o m p a r a b le  t o  t h e  i n t e r a t o m i c  s p a c ­
i n g  o f  t h e  c r y s t a l .  The r e g i o n  where  th e  d e f o r m a t i o n  i s  
n o t  H o o k ian  i s  o f t e n  u n i m p o r t a n t  o r  c a n  be t a k e n  i n t o  
a c c o u n t  by  g i v i n g  s u i t a b l e  v a l u e s  t o  c e r t a i n  p a r a m e t e r s  
a p p e a r i n g  i n  t h e  c o n t i n u u m  s o l u t i o n ,
L o w -ang le  b o u n d a r i e s  p r o v i d e  a p a r t i c u l a r l y  s u i t a b l e  
f i e l d  f o r  t h e  a p p l i c a t i o n  o f  a n i s o t r o p i c  e l a s t i c i t y .  The 
g e o m e t r y  o f  a sm a l l—a n g l e  b o u n d a r y  r i g i d l y  l i m i t s  t h e  
c h o i c e  o f  a d i s l o c a t i o n  m o d e l .  The f o r c e s  f ro m  t h e  c r y s t a l  
s t r u c t u r e  an d  t h e  g e o m e t r y  o f  t h e  s u b b o u n d a r y  s h o u l d  b© 
e q u a l  t o  z e r o  i f  t h e  s u b b o u n d a r y  i s  i n  e q u i l i b r i u m .
The t h e o r y  o f  a n i s o t r o p i c  e l a s t i c i t y  f o r  an  a r b i t r a r y  
homogeneous a n i s o t r o p i c  s o l i d ,  i n  w h ic h  the  s t r e s s  i s  i n ­
d e p e n d e n t  o f  one c a r t e s i a n  c o o r d i n a t e  was d e v e l o p e d  by
E s h e l b y ,  R e a d ,  and  S h o c k l e y ^ ,  T h is  work  was an  e x t e n s i o n
2o f  an  e a r l i e r  p a o e r  b y  E s h e l b y  , However ,  t h i s  f i r s t  
p a p e r  b y  E s h e l b y  a l s o  a s su m e d  p l a i n  s t r a i n ,  v a l i d  o n l y  
when th e  d i s l o c a t i o n  l i n e  r u n s  p e r p e n d i c u l a r  t o  a p l a n e  
o f  sym m etry .  I n  t h e  work by  E s h e l b y  e t  a l s t h e  g e n e r a l  
t h e o r y  was a p p l i e d  to  t h e  d i s l o c a t i o n  t h e o r y  o f  m e t a l s .
T 928 3®
I n  195>89 S t r o h . 3 s f o l l o w i n g  t h e  t r e a t m e n t  o f  E s h e l b y  e t  
a l ,  t r e a t e d  more f u l l y  t h e  s t r e s s e s  c a u s e d  by  a d i s l o c a t i o n  
and  c o n s i d e r e d  t h e  i n t e r a c t i o n s  o f  d i s l o c a t i o n s 0 The 
t h e o r e t i c a l  t r e a t m e n t  g i v e n  i n  t h i s  t h e s i s  f o l l o w s  t h e  
work o f  S t r o h o
D i s l o c a t i o n  w a l l s  were  a n a l y z e d  by  an e t c h - p i t  t e c h ~  
n i q u e .  The m o s t  common t y o e  o f  w a l l  was t h e n  a n a l y z e d  
m a t h e m a t i c a l l y  to  d e t e r m i n e  w h e t h e r  t h i s  w a l l  was i n  e q u i »  
l i b r i u m  i n  terras  o f  e l a s t i c  energy , ,
The work p r e s e n t e d  i n  t h i s  t h e s i s  i s  d e v e l o p e d  i n  
t e r m s  o f  t h e  f o l l o w i n g s  The T h e o r e t i c a l  D i s c u s s i o n  i n c l u d e s  
some o f  t h e  h i s t o r i c a l  b a c k g r o u n d  o f  t h e  m a t h e m a t i c a l  
d e v e lo p m e n t  o f  e l a s t i c i t y  t h e o r y  a p p l i e d  t o  d i s l o c a t i o n s , ,
Ihe  s e c t i o n  on E x p e r i m e n t a l  P r o c e d u r e  d e s c r i b e s  th e  m e tho d s  
u s e d  i n  t h i s  w o rk ,  and  t h e  r e s u l t s  o f  th e  e x p e r i m e n t a l  work 
a r e  d i s c u s s e d  i n  t h e  R e s u l t s  and D isc u s s io n ®  The t e r m s  
u s e d  i n  t h i s  work  a r e  d e f i n e d  i n  A ppend ix  I .  A p p e n d ix  I I  
shows th e  m a t h e m a t i c a l  d e v e lo p m e n t  o f  S t r o h ?s theory® 
A p p e n d ix  I I I  i s  a s a m p le  c a l c u l a t i o n  o f  t h e  e q u i l i b r i u m  
p o s i t i o n  f o r  a s u b b o u n d a r y  o b s e r v e d  in  molybdenum.
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THEORETICAL DISCUSSION
The m a cr o scop ic  g r a i n s  i n  a c r y s t a l l i n e  m a t e r i a l  are  
d i v i d e d  I n t o  s u h g r a in s  by s u b b o u n d a r ie s ,  The s u b g r a in s  are  
o n ly  s l i g h t l y  d i s o r i e n t e d .  S u b g r a in s  a r e  u s u a l l y  formed by  
a n n e a l i n g  a c r y s t a l  a f t e r  i t  has been  s l i g h t l y  de form ed.
The d e f o r m a t io n  may be from e x t e r n a l  or I n t e r n a l  s t r e s s e s  
produced by s o l i d i f i c a t i o n  or q u en ch in g .  Stabboundarles are  
m obile  b e c a u se  t h e y  are  formed by d i s l o c a t i o n s .  The su b­
s t r u c t u r e  I s  a m e t a s t a b l e  s t a t e  be tw een  c o ld -w o rk ed  and r e -  
c r y s t a l l i z e d  m a t e r i a l .
F o r  a subboundary j o i n i n g  two su b g r a in s  w h ich  are  
r o t a t e d  r e l a t i v e  t o  each  o t h e r  by a s m a l l  a n g l e ,  th e  georaU
e t r y  o f  t h e  subboundary r i g i d l y  l i m i t s  th e  d i s l o c a t i o n
4 s;model t o  o n ly  a few p o s s i b i l i t i e s .  Bragg and B u r g e r s0 
proposed  d i s l o c a t i o n  'models o f  su b b o u n d ar ie s  i n  1 9 4 0 .
When t h e  a d j o i n i n g  s u b g r a in s  have o n ly  a s m a l l  d i f f e r e n c e  
I n  o r i e n t a t i o n ,  an a r r a y  of  d i s l o c a t i o n s  can be u sed  t o  
a cco u n t  f o r  the  d i f f e r e n c e  i n  " o r i e n t a t i o n .
4 .
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The e n e r g i e s  o f  su bb oun dar ie s  may be c o n s i d e r e d  i n
s e v e r a l  ways* One method w hich  has b een  u sed  by s e v e r a l
7 R Qi n v e s t i g a t o r s  i s  t o  c o n s i d e r  a f i x e d  a r b i t r a r y
o r i e n t a t i o n  of  t h e  subboundary and a n g l e  o f  m i s f i t  be tw een
g
two su b g r a in so  Head and S h o c k le y  have shown t h a t  the  
e n e rg y  p e r  u n i t  area  of  th e  subboundary can be de term ined  
from
E s  Eo6> [ A - l n S l  
where EQ and A are  para m eters  dependent on th e  model* The 
param eter  may be c a l c u l a t e d  from th e  e l a s t i c  c o n s t a n t s  
o f  th e  m a t e r i a l  and th e  d i s l o c a t i o n  model* E0 can a l s o  be 
measured e x p e r i m e n t a l l y , and a com parison  b e tw een  measured  
and c a l c u l a t e d  v a l u e s  can be made* The param eter  A depends  
on t h e  n o n - e l a s t i c  core  en e rg y  o f  th e  d i s l o c a t i o n *  T h is  
ty p e  of  t r e a tm e n t  i s  p a r t i c u l a r l y  p e r t i n e n t  when more than  
one model o f  a subboundary i s  b e i n g  c o n s id e r e d *  Then th e  
model g i v i n g  t h e  l o w e s t  v a lu e  o f  E0 can be determ ined*
A secon d  method f o r  i n v e s t i g a t i n g  the  e n e r g i e s  a s s o c i ­
a te d  w i t h  su bb ou n d a r ie s  i s  t o  c o n s i d e r  th e  l o w e s t  e n erg y  
p o s i t i o n  o f  a subboundary,  when th e  ty p e  o f  d i s l o c a t i o n  i n  
th e  subboundary i s  known* F o r  t h i s  method, th e  f o r c e  b e ­
tween  two d i s l o c a t i o n s  must be known as  a f u n c t i o n  of  
p o s i t i o n  o f  the  two d i s l o c a t i o n s *  The f o r c e s  b e tw een  d i s ­
l o c a t i o n s  can be c a l c u l a t e d  from the  s t r e s s  f i e l d  around a
T 928
d i s l o c a t i o n , .
One o f  t h e  m os t  s i g n i f i c a n t  q u a n t i t i e s  o b t a i n e d  f ro m
a n i s o t r o p i c  e l a s t i c i t y  i s  t h e  com ponen t  o f  s h e a r i n g  s t r e s s
on t h e  s l i p  p l a n e  i n  t h e  s l i p  d i r e c t i o n *  I f  t h e  s h e a r i n g
s t r e s s  i s  Y  and  r  i s  t h e  p e r p e n d i c u l a r  d i s t a n c e  f ro m  t h e
o 0
d i s l o c a t i o n  a x i s ,  t h e n ,  a c c o r d i n g  t o  Read and  S h o c k le y '1 9 
Y ~  T ^ b / r  'h'T'i ( b / r  )2 + * 0 * o * » + - T ^ ( b / r  )n * 1 
w here  Y Q i s  a f u n c t i o n  o f  t h e  B u r g e r s  v e c t o r  o f  l e n g t h  b 
and t h e  e l a s t i c  c o n s t a n t s  o f  t h e  m a t e r i a l , ,  The c o e f f i c i e n t s  
a r e  d e t e r m i n e d  by  t h e  i n t e r a c t i o n  o f  t h e  e l a s t i c * -  
a l l y  s t r a i n e d  m a t e r i a l  w i t h  t h e  d i s o r d e r e d  m a t e r i a l  n e a r  t h e  
d i s l o c a t i o n  a x i s *  Where b / r  i s  s m a l l ,  t h e  h i g h e r - o r d e r  
t e r m s  c an  be i g n o r e d  and o n l y  th e  Y Q b / r  t e rm  used®
“3
E s h e l b y ,  R e a d ,  and  S h o c k le y  have  t r e a t e d  s t r a i g h t  
d i s l o c a t i o n s  i n  th e  g e n e r a l  a n i s o t r o p i c  c a s e *  They f o u n d  
th e  s t r e s s e s  t o  be o f  t h e  fo rm
w h ere  t h e  c o n v e n t i o n  o f  sum m ation  o f  r e p e a t e d  L a t i n  s u f f i x e s  
i s  u sed*  P©o an(5 a r e  f u n c t i o n s  o f  th e  e l a s t i c
c o n s t a n t s ;  t h e  d j f s a r e  f u n c t i o n s  o f  th e  e l a s t i c  c o n s t a n t s  
and  t h e  B u r g e r s  v e c t o r ;  and  i s  a f u n c t i o n  o f  t h e  e l a s t i c  
c o n s t a n t s  and p o s i t i o n *  The s t a r r e d  q u a n t i t i e s  a r e  t h e  com­
p l e x  c o n j u g a t e s  o f  t h e  u n s t a r r e d  q u a n t i t i e s ®  The above
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form ulae  d e ter m in e  t h e  components o f  t h e  s t r e s s  t e n s o r .  
Knowing th e  s t r e s s  t e n s o r ,  one can c a l c u l a t e  and i n  
t u r n T ^  can be c a l c u l a t e d .
Prom t h e  s t r e s s  t e n s o r ,  th e  f o r c e  b e tw een  two d i s ­
l o c a t i o n s  can be c a l c u l a t e d  as a f u n c t i o n  o f  t h e i r  p o s i t i o n  
When th e  t a n g e n t i a l  f o r c e  b e tw een  d i s l o c a t i o n s  i s  z e r o ,  
t h e  d i s l o c a t i o n s  w i l l  form  an e q u i l i b r i u m  subboundary ( F i g .  
1 ) .
The t a n g e n t i a l  f o r c e  be tw een  p a r a l l e l  d i s l o c a t i o n s  
w i t h  p a r a l l e l  Burgers  v e c t o r s ,  as  d e v e lo p e d  by S t r o h ^ ,  i s  
g i v e n  by
p s  - b l d j X l .  M , P ^ e o s e - s ln  m  . p ^ o s S - a l n e  
41Tr ^  c o s e + ^ s i n   ̂ c o s 0 + p & s i n 0
Stroll*  s d e r i v a t i o n  o f  t h i s  r e s u l t  i s  g i v e n  i n  Appendix IX.  
I n  th e  above e x p r e s s i o n ,  b^ i s  th e  i  component of  th e  
Bu rgers  v e c t o r ,  and & I s  th e  a n g l e  t h a t  t h e  l i n e  o f  d i s ­
l o c a t i o n  makes w i t h  t h e  s l i p  p l a n e .
An i n t e r e s t i n g  com parison  be tw een  i s o t r o p i c  and an­
i s o t r o p i c  e l a s t i c i t y  a p p l i e d  t o  d i s l o c a t i o n s  i n  molybdenum 
can be made I n  t h e  p a r t i c u l a r  ca se  o f  a d i s l o c a t i o n  i n  an
(6oI] d i r e c t i o n  and w i t h  I t s  Burgers  v e c t o r  i n  a f i x i j
21
d i r e c t i o n .  F o r  t h e  a n i s o t r o p i c  s i t u a t i o n ,  Read shows 
t h a t
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F ig u r e  1* T h is  i l l u s t r a t i o n  shows the  meaning o f  some o f  
the  terms used  in  the s tu d y  o f  e q u i l i b r i u m  p o s i t i o n s  o f  
d i s l o c a t i o n s  w i t h  r e s p e c t  to  e a c h  o t h e r 0 F^ i s  the r a d i a l  
component o f  f o r c e  be tw een  two d i s l o c a t i o n s ? and F^ i s  the  
t a n g e n t i a l  component o f  force® x^ i s  p e r p e n d i c u l a r  to  x^ 
and X2  and in  the  d i r e c t i o n  o f  the  d i s l o c a t i o n ®
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X  “ hi  ri /3(c1A)-f-2/3(c11+c12) f W Gi r Giz)/ c l l ( c i i + c l 2 +2C^4J
where  t h e  C. „ a r e  e l a s t i c  c o n s t a n t s 0 F o r  th e  i s o t r o p i c  
1 3
P 0s i t u a t i o n *  Read and S h o c k l e y  show t h a t  
X> = 271^/3 (gH-2/3
w h e re  G i s  t h e  s h e a r  m odulus  and  i s  P o i s s o n fs r a t i o , ,  The 
c o n s t a n t s  i n v o l v e d  a r e  g i v e n  i n  T a b l e  1 .  I n  t h i s  c a s e  ■/ 
f o r  t h e  i s o t r o p i c  c a s e  i s  2*52 x  1 0 ^  d y n e s /cm ^  and  f o r  t h e  
a n i s o t r o p i c  c a s e  lQ i s  2*50 x  1 0 ^  dynes /cm ^*  The s m a l l  
d i f f e r e n c e  i n  m a g n i tu d e  b e tw e e n  /Q f o r  t h e  i s o t r o p i c  c a s e  
an d  fo r  t h e  a n i s o t r o p i c  c a s e  i s  somewhat s u r p r i s i n g  s i n c e  
th e  a n i s o t r o p y  f a c t o r  f o r  molybdenum I s  0 . 7 2 1 #
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E l a s t i c  Moduli and C o n sta n ts  f o r  Molybdenum
Constant  Value  R e fe r e n c e
G 12*0 x  1 0 ^  dyn es /cm 2 10
J }  0 . 3 2 4  10
O n  4 . 6 3  x 1011 dynes /cm 2 11
C 1 0 . 8 5  x  1011 dyn es /cm 2 11
G12 1 6 . 2  x  1011 dyn es /cm 2 11
T a b le  1
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EXPERIMENTAL PROCEDURE
F o r  th e  s t u d y  of  su h h ou n d a r ie s  i n  molybdenum, b o th  
s i n g l e  c r y s t a l s  and p o l y c r y s t a l l i n e  m a t e r i a l s  were used*
The p o l y c r y s t a l l i n e  samples  were a r c - c a s t  b u t t o n s  w i t h  l a r g e  
g r a i n s .  S i n g l e  c r y s t a l s  were prepared  from t h r e e  so u r c e s *
1 .  A r c - c a s t  b u t t o n s
2* E le c tr o n -b e a m  m e l te d  rods
3 .  Powder rods  a n n e a le d  i n  hyd rog en .
The l a r g e s t  so u r c e  o f  s i n g l e  c r y s t a l s  was a r c - c a s t  
b u t t o n s  prep a red  by P r o f e s s o r  H0 Gordon P o o le  i n  c o n j u n c t i o n  
w i t h  t h e  Naval  Bureau o f  Ordinance P r o j e c t  Nord-16136*
T hese  b u t t o n s  were a p p r o x im a t e ly  l i  i n c h e s  i n  d ia m e te r  and 
3 / 8  i n c h  t h i c k .  Some o f  t h e s e  b u t t o n s  c o n t a in e d  c r y s t a l s  
about l / 4  i n c h  t h i c k  and 1 / 4  i n c h  i n  d iam eter*
A few s i n g l e  c r y s t a l s  were o b t a in e d  by e l e c t r o n - b e a m  
m e l t i n g .  These  c r y s t a l s  were l / 4  i n c h  i n  d ia m e te r  and up 
t o  1 i n c h  l o n g .  I t  was d i f f i c u l t  t o  grow c r y s t a l s  by t h i s
11 o
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m e th o d ,  s i n c e  th e  p r e s s u r e  i n  t h e  e l c t r o n - b e a m  cham ber  was 
b e tw e e n  0*05> and 0 o20 m ic r o n s *  At th e se '  p r e s s u r e s  a 
phenomenon known a s  ng a s  f o c u s i n g ” seemed t o  p i n c h  o f f  th e  
m o l t e n  z o n e fl T h i s  phenomenon h a s  b e e n  o b s e r v e d  by  o t h e r  
i n v e s t i g a t o r s *  One o f  th e  m os t  p o p u l a r  e x p l a n a t i o n s  o f  
" g a s  f o c u s i n g "  a p p e a r s  to  be t h a t  t h e  g a s e s  g i v e n  o f f  by 
t h e  m a t e r i a l  b e i n g  m e l t e d  c a u s e  d i s t u r b a n c e s  i n  t h e  m o l t e n  
zone  by  c o n v e c t i o n s *
The s i n g l e  c r y s t a l s  f ro m  t h e  abo v e  t h r e e  s o u r c e s  w ere  
a n n e a l e d  a t  15>00°C f o r  I4. h o u r s  i n  a vacuum* T h is  t r e a t ­
ment  a i d e d  p o l y g o n i z a t i o n , a l l o w e d  some o f  t h e  s u b b o u n d a r i e s  
t o  come i n t o  e q u i l i b r i u m ,  and s u p p l i e d  th e  t h e r m a l  e n e r g y  
t o  a l l o w  d i f f u s i o n  o f  i m p u r i t i e s  t o  d i s l o c a t i o n  s i t e s *
The i m p u r i t y  d i f f u s i o n  d e c o r a t e d  t h e  d i s l o c a t i o n s  and  made 
them s u s c e p t i b l e  t o  p i t  f o r m a t i o n  when p r o p e r l y  e t c h e d *
A f t e r  a n n e a l i n g ,  t h e  s i n g l e  c r y s t a l s  were  p r e p a r e d  so 
t h a t  a c r o s s - s e c t i o n  o f  t h e  c r y s t a l  c o u l d  be  o b s e r v e d *
T h i s  p r e p a r a t i o n  u s u a l l y  l e f t  a h i g h  d i s l o c a t i o n  d e n s i t y  
l a y e r  on t h e  s u r f a c e *  T h is  l a y e r  c o u l d  be rem oved  by 
e l e c t r o l y t i c  p o l i s h i n g  a t  c u r r e n t  d e n s i t i e s  b e tw e e n  5  and  
1 0  a m p e res  p e r  s q u a r e  c e n t i m e t e r *
The s a m p le s  were  e l e c t r o l y t i c a l l y  e t c h e d  i n  a s o l u t i o n
o f  1  p a r t  s u l f u r i c  a c i d  i n  7 p a r t s  m e t h a n o l ,  by  a p r o c e d u r e
IPd e v e l o p e d  b y  th e  a u t h o r *  T h i s  e t c h a n t  p r o d u c e s  e t c h - p i t s
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a t  d i s l o c a t i o n  s i t e s  when th e  d i s l o c a t i o r i s  have been  
d e c o r a t e d  by im p u r i t ie s©
A f t e r  e t c h i n g *  the sam ples  were examined m i c r o s c o p i c ^  
a l ly ©  S t r a i g h t  su b b ou n d a r ie s  wefre exam ined ,  and the  d i r -  
© c t io n s  o f  the  t r a c e s  o f  the i n t e r s e c t i o n s  o f  the  su b ­
b o u n d a r ie s  w i t h  the  o b s e r v e d  s u r f a c e s  were d e te r m in e d ,  
u s i n g  th e  g r a d u a te d  s t a g e  on a m e ta l lo g r a p h y
By means o f  a b a c k - r e f l e c t i o n  Laue t e c h n i q u e ,  the  
o b s e r v e d  s u r f a c e s  were th e n  o r i e n t e d  w i t h  r e s p e c t  to  the  
© r y s t a l l o g r a n h i c  axes® The same subboundary was o b s e r v e d  
on two i n t e r s e c t i n g  s u r f a c e s  o f  the  c r y s t a l  i n  order  t o  
o r i e n t  th e  p la n e  o f  the  subboundary w i t h  r e s p e c t  t o  the  
c r y s t a l l o g r a p h i c  axes*
C a l c u l a t i o n s  were made to  d e ter m in e  whether  the most  
common o f  t h e s e  su b b o u n d a r ie s  were in  e l a s t i c  e q u i l i b r i u m  
a c c o r d in g  t o  S t r o h 5s theory© The m a th e m a t ic a l  deve lopm ent  
o f  S t r o h ’ s t h e o r y  i s  g i v e n  i n  Appendix II©
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fiBSOXTS AND DISCUSSION
D e c o r a t i o n  o f  D i s l o c a t i o n s
I t  was found t h a t  e l e c t r o - e t c h a n t s  formed e t c h - p i t s  a t
d i s l o c a t i o n  s i t e s  when th e  s i t e s  had been  d e c o r a t e d .  The
d e c o r a t i n g  m a t e r i a l  must he an e le m en t  w hich  f i t s  I n t e r -
s t i t i a l l y  i n  t h e  b o d y - c e n t e r e d  c u b ic  s t r u c t u r e  o f  molybdenum.
The r a d i i  o f  atoms l i k e l y  t o  form i n t e r s t i t i a l  s o l u t i o n s  are
22a l l  l e s s  t h a n  1.0A » T a b le  2 shows a t y p i c a l  a n a l y s i s  o f
molybdenum and th e  a to m ic  r a d i i  o f  the  i m p u r i t i e s .  From 
t h i s  t a b l e  i t  can be s e e n  t h a t  o n ly  c a rb o n ,  o x y g e n ,  n i t r o g e n ,  
and hyd rogen  a r e  l i k e l y  t o  be i n t e r s t i t i a l s  i n  molybdenum.
The e le m e n ts  i n  th e  m a t e r i a l  i n  s u f f i c i e n t  q u a n t i t i e s  f o r
d e c o r a t i o n  a r e  carbon and oxygen.  A c co r d in g  t o  S p a c i l  and
. 1 3  . . .
W ulff  9 carbon I s  th e  more e f f e c t i v e  p i n n i n g  e le m e n t .
A s e r i e s  o f  e x p e r im e n t s  was perform ed t o  de term in e  a
s u i t a b l e  h e a t  t r e a t m e n t  t o  d e c o r a t e  t h e  d i s l o c a t i o n s .  A
Diamond Pyramid Hardness I m p r e s s io n  was made In  a p i e c e  of
p o l i s h e d  molybdenum. The sample  was th e n  a n n e a le d  f o r  15
1 4 .
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Atomic  R a d i i  o f  Common I m p u r i t i e s  o f  Molybdenum
Mlement  T y p i c a l  C o n c e n t r a t i o n  (ppm) Atomic  R a d i u s (A °)^3
AX <  5'0G loij.3
Pe < 5 0 0 1 .2 8
S < 3 0 0 1.01;
S i <c300 1 .1 7
C < 5 0 0 .7 7
0 < 5 0 0 .6 0
H <  0 . 1 Ooi4.6
N <  3 0 . 7 1
T ab le  2
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m in u te s  i n  a vacuum a t  v a r i o u s  t e m p e r a t u r e s 0 Some o f  th e  
d i s l o c a t i o n s  became d e c o r a t e d  a t  f>0 0 °C p and com p lete  d e c ­
o r a t i o n  was a c c o m p l i s h e d  a t  600°C *, S e v e r a l  s e r i e s  o f  
e x p e r im e n t s  o f  the same ty p e  were made, and i n  e a c h  the  
sam ples  were a p p a r e n t l y  c o m p l e t e l y  d e c o r a t e d  a t  600°G *, In  
some c a s e s ,  the  d i s l o c a t i o n s  seemed t o  become d e c o r a t e d  a t  
5>0 0 ° 0 o The r e s u l t s  o f  one s e r i e s  o f  e x p e r im e n ts  i s  shown 
in  F ig u r e  2*, F ig u r e  3  shows both  u n d e c o r a t e d  and d e c o r a t e d  
m a t e r i a l  in  r e g i o n s  o f  c o l d  worko
Johnson and P e a c o c k ^  o b s e r v e d  t h a t  the  y i e l d  p o i n t  
r e t u r n s  t o  s t r a i n e d  molybdenum when i t  had been a n n e a le d  
f o r  1 hour a t  t em p e r a tu r e s  above  5 7 0 oGo This  o b s e r v a t i o n ,  
would s u g g e s t  t h a t  th e  r e t u r n  o f  th e  y i e l d  p o i n t  i s  c a u se d  
by the m i g r a t i o n  o f  i n t e r s t i t i a l s  t o  the  d i s l o c a t i o n  sites<>
S o u r c e s  o f  D i s l o c a t i o n s
In  the  subboundary s t u d y 9 I t  was d e s i r a b l e  t o  o b s e r v e  
su b b o u n d ar ie s  w h ich  were in  e l a s t i c  equ i l ibr ium *.  E q u i l i ­
brium su b b ou n d a r ie s  may be o b t a i n e d  i n  s e v e r a l  ways* In  
some c a s e s ,  su b b o u n d a r ie s  o f  an e q u i l i b r i u m  c o n f i g u r a t i o n  
are  grown in  th e  c r y s t a l  as i t  f o r m s 5 t h i s  growth  i s  
© s p e c i a l l y  t r u e  o f  su b b o u n d a r ie s  formed in  c r y s t a l s  grown 
from  a s low -m oving  i n t e r f a c e 0 In c r y s t a l s  grown from a 
r a p i d l y  moving I n t e r f a c e  the su bb o un dar ie s  are u s u a l l y  n o t
T 928 1 7 .
( c )  (d)
F ig u r e  2 .  Photom icrographs showing the  i n f l u e n c e  o f  
d e c o r a t i n g  tem perature  on e t c h - p i t  d e v e lo p m en t .  In  (a )  
the sample had n o t  been h e a t e d  a f t e r  the D.P .H. im p r e s s io n  
was made; whereas  in ( b ) ,  ( c ) ,  and ( d ) ,  th e  sample had 
b een  h e l d  f o r  l £  m in u tes  a t  i|-00oC , 500°C , and 600°C 
r e s p e c t i v e l y .  M a g n i f i c a t i o n :  1000X.
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F ig u r e  3 . P hoto m icro g rap h s  showing d e c o r a t e d  s c r a t c h e s  
and D.P.H* i m p r e s s i o n s .  P hotom icrograph  (a )  a l s o  c o n ­
t a i n s  an u n d e c o r a te d  s c r a t c h *  M a g n i f i c a t i o n :  (a)  105?X; 
(b) 1000X; ( c )  250X..
T 928
in  e q u i l i b r i u m  p o s i t i o n s <> An example o f  th e  d i s l o c a t i o n  
s t r u c t u r e  o f  a quenched sample o f  a r c - e a s t  molybdenum i s  
shown in  F igu re  I4.„ T h is  s t r u c t u r e  i s  t y p i c a l  o f  c r y s t a l s
formed and s u b j e c t e d  t o  h ig h  therm al  s t r e s s , su ch  as  t h o s e
17e n c o u n te r e d  during  quen ch ing  » Su bboundar ies  are  form ed , 
bu t  i t  can be s e e n  from F ig u r e  t h a t  some o f  the  b o u n d a r ie s  
are curved  and some are i n c o m p l e t e 0 F ig u re  I4. a l s o  shows a 
l a r g e  number o f  d i s l o c a t i o n s  s c a t t e r e d  between s u b b o u n d a r ie s <,
Another  so u rce  o f  d i s l o c a t i o n s  in  c r y s t a l s  i s  shown 
i n  F ig u r e  F ig u re  5 (a )  shows a h i g h - d i s l o c a t i o n  d e n s i t y  
around an i n c l u s i o n ^  a p p a r e n t l y  formed as th e  molybdenum 
c o o l e d  s i n c e  t h i s  sample was d e c o r a t e d  o n ly  during  the  
c o o l i n g  p e r io d *  The d i s l o c a t i o n s  were p r o b a b ly  g e n e r a t e d  
when the  m e t a l  t r i e d  t o  c o n t r a c t  around the  inelusion<>
F ig u r e  (b) shows d i s l o c a t i o n s s p r o b a b ly  g e n e r a t e d  i n  the  
same manner b u t  from a much s m a l l e r  so u r c e  than the i n ­
c l u s i o n  in  F ig u r e  £ ( a ) ° These r o s e t t e s  are  s i m i l a r  to
1 6t h o s e  o b s e r v e d  in  L iF  by Gilman and J o h n s to n  when s m a l l 9 
hard p a r t i c l e s  are  brought  i n  c o n t a c t  w i t h  a s u r f a c e «
However9 the  r o s e t t e s  i n  F ig u re  5 (b) were formed d u r in g  
e o o l i n g o
A t h i r d  so u rce  o f  d i s l o c a t i o n s  i s  d e m o n s tra te d  in  
F ig u r e  6 * These d i s l o c a t i o n s  were formed by e x t e r n a l  c o l d  
worko The d i s l o c a t i o n s  are shown p i l e d ~ u p  a t  a g r a i n
T 928 2 0 .
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F ig u re  I}.. T y p ic a l  d i s l o c a t i o n  s t r u c t u r e  when the  sample  
has  undergone h ig h  therm al  s t r e s s e s *  M a g n i f i c a t i o n  1000X.
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F ig u r e  5> 
c o o l in g , ,
(b)
D i s l o c a t i o n s  formed in  molybdenum during  
M a g n i f i c a t i o n :  (a )  800X, (b) 1000X*
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F ig u r e  6 . D i s l o c a t i o n  p i l e - u p s  a t  a g r a in  boundary  
M a g n i f i c a t i o n :  1Q0DX.
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"boundary* I n  t h i s  c a s e ,  th e  c o ld  work was caused  dur ing  th e  
c u t t i n g  o f  th e  sample from a bu tto n*
The d i s l o c a t i o n s  from t h e s e  s o u r c e s  may he p o l y g o n i z e d  
and n o n - e q u i l i b r i u m  su b b o u n d a r ie s  may be made t o  form  
e q u i l i b r i u m  su b b o u n d a r ie s  by a n n e a l i n g  a t  t e m p e r a tu r e s  of  
gbout  1500°G f o r  about  5 h o u r s ^ ,  F ig u r e  7 shows th e  d i s ­
l o c a t i o n  s t r u c t u r e  a f t e r  su ch  a n n e a l in g *  A s t r a i g h t  su b ­
boundary can be s e e n ,  and d i s l o c a t i o n s  from s o u r c e s  th r o u g h ­
out th e  c r y s t a l  appear  t o  be l i n i n g  up t o  form su bb oun dar ies*  
Some of  th e  d i s l o c a t i o n s  appeab t o  be d i s l o c a t i o n  l o o p s ,  and 
even  t h e s e  l i n e  up I n  an e q u i l i b r i u m  form*
D epth o f  Gold-Worked S u r fa c e  a f t e r  M eta11o g r a p h ic  
P r e p a r a t io n
B e f o r e  sam ples  w hich  c o n t a i n e d  f r e s h  d i s l o c a t i o n s  
c o u ld  be o b s e r v e d ,  th e  l a y e r  o f  d i s l o c a t i o n s  formed du r in g  
th e  g r i n d i n g  and m ec h a n ica l  p o l i s h i n g  o p e r a t i o n s  had t o  be 
removed* The d ep th  o f  t h i s  l a y e r  was de ter m in e d  by me­
c h a n i c a l l y  g r i n d i n g  and p o l i s h i n g  a s u r f a c e ,  h e a t i n g  th e  
sample I n  vacuum t o  600°G f o r  15 m i n u t e s ,  and f i n a l l y  
p r e p a r in g  a f r e s h  s u r f a e e  p e r p e n d i c u l a r  t o  t h e  f i r s t  
s u r f a c e *  T h i s  p r o c e s s  a l lo w e d  the  c o ld -w o rk ed  l a y e r  t o  be 
o b served  i n  c r o s s - s e c t i o n *  A p h o to m icrog ra p h  o f  a c r o s s -  
s e c t i o n  of  a co ld -w o rk ed  l a y e r  i s  shown i n  F ig u r e  8 * I n
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F ig u r e  7 .  E q u i l i b r i u m  subboundary and p a r t i a l  p o l y g o n iz a  
t i o n .  M a g n i f i c a t i o n s  150X
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F ig u r e  8 . S i d e  v iew  o f  co ld -w ork ed  l a y e r  a f t e r  normal  
m e t a l l o g r a p h i c  p r e p a r a t i o n .  M a g n i f i c a t io n s  250X,
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t h i s  f i g u r e  an area  o f  v e r y  h i g h  d i s l o c a t i o n  d e n s i t y  can  
be s e e n  f o r  a depth  o f  about 150 t o  200 m i c r o n s 0 At 300 
microns t h e r e  does not appear  t o  be much e f f e c t  from  th e  
s u r f a c e  d is turbance* ,  By t h i s  method, the  co ld -w o rk ed  l a y e r  
was de term ined  t o  be 300 t o  400 microns deep*, T h is  work 
i n d i c a t e d  t h a t  normal m e t a l l o g r a p h i c  p r e p a r a t i o n  was not  
s u f f i c i e n t  t o  g i v e  a s u r f a c e  w h ich  d id  not c o n t a i n  d i s ­
l o c a t i o n s  from the  preparation* ,  Xnstead  of  mere rem oval  
of  th e  s c r a t c h e s -  from e a ch  s t e p ,  l a y e r s  o f  m eta l  were  
removed about t w i c e  as  deep as  the  s c r a t c h e s , ,  F i n a l l y , th e  
sample was e l e c t r o p o l i s h e d  a t  10 amperes f o r  p e r i o d s  o f  5 
t o  15 m in u te s ,  depend ing  on th e  sample s i z e » H igher  c u r r e n t s  
would have been  d e s i r a b l e , but  th e  so u r c e  a v a i l a b l e  had a 
1 0  ampere capacity*,
Nature of  Su bb oun dar ies
B ou n d ar ies  wh ich  were s t r a i g h t  and a p p a r e n t l y  i n  e q u i ­
l i b r i u m  were o r i e n t e d  w i t h  r e s p e c t  t o  th e  c r y s t a l l o g r a p h i c  
a xes  by  a s tan d a rd  t w o - s u r f a c e  te c h n iq u e o  The t r a c e s  o f  a 
subboundary were observed  on two i n t e r s e c t i n g  s u r f a c e s ,  
which  were th e n  o r i e n t e d  w i t h  r e s p e c t  t o  th e  c r y s t a l l o ­
g r a p h ic  axes*  From t h e s e  d a t a ,  th e  o r i e n t a t i o n  o f  th e  su b ­
boundary cou ld  be determined*. The d i r e c t i o n s  o f  th e  o b s e r v ­
ed su b b ou n d a r ie s  a r e  shown i n  the  s t e r e o g r a p h i c  p r o j e c t i o n
T 928 27-.
i n  F ig u re  9° S i g n i f i c a n t l y , most  o f  the  su b b o u n d a r ie s  were  
n e a r l y  p a r a l l e l  to  the <ooi> d i r e c t i o n  n e a r e s t  t o  the  
grow th  d i r e c t i o n  o f  c r y s t a l s 0 A l l  o f  the  c r y s t a l s  examined  
had growth d i r e c t i o n s  w i t h i n  $ d e g r e e s  o f  < 0 0 ]> d i r e c t i o n s o  
The d i r e c t i o n s  o f  the  d i s l o c a t i o n  l i n e s  in  the su b ­
b o u n d a r ie s  were de term ined  by the  method o f  Pfann and 
1 8 '
V o g e l  0 The components  o f  th e  d i s t a n c e  between d i s l o ­
c a t i o n s  i n  a subboundary were o b s e r v e d  oh two i n t e r s e c t i n g  
s u r f a c e s o  This  ty p e  o f  a n a l y s i s  i s  b a sed  on the  a ssu m p t io n  
t h a t  th e  d i s l o c a t i o n  l i n e s  are  p a r a l l e l  and l i e  on p l a n e s  
f o r  s h o r t  d i s t a n c e s 0 This  method has the  d i s a d v a n ta g e  t h a t  
two s o l u t i o n s  are  obtained*. The c o r r e c t  s o l u t i o n  can be  
o b t a i n e d  by a n a l y z i n g  a t h i r d  f a c e 0 An i l l u s t r a t i o n  o f  
t h i s  method i s  g i v e n  in  F ig u r e  1 0 o The p lan e  o f  the bound-  
a r y  i s  i n  the  p la n e  o f  the  p a p e r . AB, CD* and JK are  the  
t r a c e s  o f  o b s e r v e d  surfaces* ,  EF “ FG and i s  e q u a l  to  th e  
d i s t a n c e  between e t c h - p i t s  a lo n g  GD„ EH and GH are  the  
two p o s s i b l e  s o l u t i o n s 0 I f  FL i s  e q u a l  to  the  d i s t a n c e  
b etw een  e t c h - p i t s  on JK* then  th e  l i n e  GH i s  i n  the d i r ­
e c t i o n  o f  the d i s l o c a t i o n s o  j f  pm i s  the  d i s t a n c e  between  
e t c h - p i t s  on JK, then  the  l i n e  EH i s  i n  the d i r e c t i o n  o f  
the  d i s l o c a t i o n s «, The d i r e c t i o n s  o f  th e  o b s e r v e d  d i s l o ­
c a t i o n  l i n e s  are  a l s o  p l o t t e d  i n  F ig u r e  9o
The j u n c t i o n  o f  su b b o u n d a r ie s  was u s u a l l y  as  shown i n
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F ig u r e  9» S t e r e o g r a p h i c  p r o j e c t i o n  o f  the  p o l e s  (x )  o f  
su b b o u n d a r ie s  and th e  d i r e c t i o n s  ■(•) o f  d i s l o c a t i o n s  i n  the  
s u b b o u n d a r ie s 0 Dashed l i n e s  are  p o s s i b l e  p o l e s  o f  e q u i ­
l i b r i u m  b o u n d a r ie so
T 928 2 9 .
F ig u r e  1 0 .  Drawing i l l u s t r a t i n g  the manner o f  d e te r m in in g  
th e  d i s l o c a t i o n  l i n e s .
T 928 3 0 a
F igure  11 * This s u b s t r u c t u r e  can be ca u se d  by two ty p e s  o f  
subboundary i n t e r s e c t i o n s ,  s c h e m a t i c a l l y  shown in  F ig u re  12* 
The j u n c t i o n s  in F ig u r e  12 (a)  can be made w i t h  d i s l o c a t i o n s  
w i t h  p a r a l l e l  B urgers  v e c t o r s 0 The j u n c t i o n  in  F ig u r e  12 
(b) c o n t a i n s  t h r e e - f o l d  nodes* S in c e  the  sum o f  the  
Burgers  v e c t o r s  a t  a node must be z ero  and the  o n ly  r e a s o n -  
a b l e  Burgers  v e c t o r s  i n  b o d y - c e n t e r e d  c u b ic  m a t e r i a l s  are  
o f  the  type  aQ <(001) and a0^  ^1 1 1  ̂9 the  s u b s t r u c t u r e  would  
have t o  be made o f  two w a l l s  w i t h  a 0 ^ 2  Burgers  v e c t o r s
i n t e r s e c t i n g  one w a l l  w i t h  an a Q ^100) Burgers  vector® A 
p o s s i b l e  v e c t o r  e q u a t i o n  f o r  such  a node would be
a 0/ 2 [ i l l }  + a0 / 2 [lT 5J +  a 0 [lo o ] .
To de term ine  i f  some o f  the  s u b s t r u c t u r e  a c t u a l l y  d id  
c o n t a i n  t h r e e - f o l d  n o d e s ,  samples  were p r e p a r ed  where the 
o b s e r v e d  s u r f a c e  c u t  the  l i n e  o f  i n t e r s e c t i o n  o f  th r e e  sub­
b o u n d a r ie s  a t  a low an g le*  From the s c h e m a t ic  r e p r e s e n t a ­
t i o n  in  F ig u r e  1 3 , i t  can be s e e n  t h a t  when t h r e e - f o l d  nodes  
are  p r e s e n t  in  the s u b s t r u c t u r e , th e  component,  p a r a l l e l  
t o  the  l i n e  o f  i n t e r s e c t i o n  o f  the th ree  s u b b o u n d a r ie s ,  o f  
the  d i s t a n c e  between d i s l o c a t i o n s  remains c o n s t a n t  in  a l l  
t h r e e  subboundar ies*  However, i f  the  component becomes  
l a r g e r ,  so  t h a t  the  sum o f  th e  r e c i p r o c a l s  o f  the  components  
in  two o f  the  su b b o u n d a r ie s  i s  e q u a l  to  t h e  r e c i p r o c a l  o f  
the  component in  the o t h e r  subboundary,  then  th e  su bb oun dar ies
T 928 3 1 .
F ig u r e  1 1 .  Usual  subboundary s t r u c t u r e  p e r p e n d i c u l a r  t o  
the  growth d i r e c t i o n .  M a g n i f i c a t i o n  5>00X.
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(a)
(b)
F ig u re  1 2 o Methods o f  fo rm in g  s u b s t r u c t u r e s  when t h r e e  
su b b o u n d a r ie s  i n t e r s e c t  a t  one l i n e 0 Drawing (a)  U s in g  




F ig u r e  1 3 . S c h em at ic  r e p r e s e n t a t i o n  o f  a p la n e  c u t t i n g  the  
s u b s t r u c t u r e  a t  a s m a l l  a n g l e  to  the  i n t e r s e c t i o n  o f  th e  
su b b o u n d a r ie s 0 Drawing (b) i s  how (a )  would appear  on the  
o b s e r v e d  p l a n e „ Drawing (d) i s  how ( c )  would appear on th e  
o b s e r v e d  p l a n e 0
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c o n t a i n  d i s l o c a t i o n s  m e e t in g  a t  t w o - f o l d  n o d e s .
F ig u r e  II4. shows the  r e s u l t s  o f  t h i s  trea tm en ta  I t  can  
be s e e n  th a t  both  ty ^ e s  o f  subboundary i n t e r s e c t i o n s  were  
o b s e r v e d .  These o b s e r v a t i o n s  i n d i c a t e  t h a t  in  molybdenum 
d i s l o c a t i o n s  e x i s t  w i t h  Burgers  v e c t o r s  in  the < 0 0 l )  d i -  
r e c t i o n s ,  a l o n g  w i th  the e x p e c t e d  Burgers  v e c t o r s  in  the  
^111) d i r e c t i o n s  o B urgers  v e c t o r s  o f  the a Q typ e  have
been  o b s e r v e d  in  i r o n  by G a r r in g t o n ,  H a le ,  and M cLean^ and 
p r e v i o u s l y  in  molybdenum by the  a u t h o r ^ .
The most common su b b o u n d a r ie s  o b serv ed  in  t h i s  work were  
a n a ly z e d  f o l l o w i n g  the a n a l y s i s  o f  S t r o h ^ .  The r e s u l t s  o f  
t h i s  a n a l y s i s  are  g i v e n  i n  Table 3° S in c e  the s l i p  p la n e  
in  molybdenum i s  o f  the { n o }  t y p e s and p o s s i b l y  the £001}  
t y p e , some e q u i l i b r i u m  p o s i t i o n s  o f  th e  su bb ou n d ar ie s  are  
p e r p e n d i c u l a r  to  the  ^11C  ̂ and p l a n e s .  StrohAs
t h e o r y ,  however,  p r e d i c t s  t h e  p o s s i b i l i t y  o f  o t h e r  e q u i ­
l i b r i u m  p o s i t i o n s  ( s e e  Aooendix I I )  <> C a l c u l a t i o n s  o f  the  
o b s e r v e d  d i s l o c a t i o n s ,  t r e a t e d  a c c o r d in g  to S t r o h rs a n a l y s i s ,  
i n d i c a t e d  t h a t  o n l y  t h o s e  b o u n d a r ie s  p e r p e n d i c u l a r  to the  
s l i p  p la n e  were in  e q u i l ib r iu m ®  A sample c a l c u l a t i o n  o f  
the  f o r c e s  on su b b o u n d a r ie s  c o n s i s t i n g  o f  d i s l o c a t i o n s  
i n  a £ l i c j  d i r e c t i o n  w i t h  Burgers  v e c t o r s  in  e i t h e r  a t111]  
or d i r e c t i o n  i s  g i v e n  in  Appendix I I I .  The l o c u s  o f
the p o l e s  o f  e q u i l i b r i u m  b o u n d a r ie s  i s  p l o t t e d  on the  
s t e r e o g r a p h i c  p r o j e c t i o n ,  F ig u r e  9o Table 3 a l s o  shows the
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F ig u r e  lif.. S u r f a c e s  i n t e r s e c t i n g  the l i n e  o f  i n t e r s e c t i o n  
o f  th r e e  su bb oun dar ie s  a t  a s m a l l  a n g l e .  P hotom icrograph  (a)  
T h r e e - f o l d  nodes  showing e t c h - p i t s  u n i f o r m ly  d i s t r i b u t e d  
above and be low  the j u n c t io n *  P hotom icrograph (b) T w o-fo ld  
nodes  showing e t c h - p i t s  more w i d e l y  sp aced  above the  j u n c t i o n  
than be low th e  j u n c t i o n .  M a g n i f i c a t i o n :  (a )  1000X; (b) 2000X*
Table  3
Boundary Arigle between Boundary and
Number E q u i l i b r i u m  P o s i t i o n  ( ° )  Type o f  M a t e r i a l
1 If. Hydrogen Annealed
2 2 A rc-C ast
3 3 Beam-Melted
If 1 Arc “Cast
£ < 1  Hydrogen Annealed
6  c l  Arc-Cas t
7 < 1  A r c -C a s t
8  c l  A r c -C a s t
9 < 1  A rc -C a s t
10 8 8 & Beam-Melted
11 12-a Ar c - C a s t
12 2 A r c -C a s t
13 16 A rc -C a s t
I k  2 Hydrogen A n n ea led
1?  2 A r c-C a st
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Table  3 (Continued)
Boundary Arigle betw een  Boundary and 




19 3 6 *
20 31#
21 3 0 *
22 111*
23 5 *
Type o f  M a t e r i a l
A rc -C a s t
Are -C a s t
Beam-Melted
A rc-C ast




^ I n d i c a t e s  d i s l o c a t i o n s  are  w i t h i n  20°  o f  screw  o r i e n t a t i o n *
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angles  between eq u ilib r iu m  boundaries and the observed
b o u n d a r ie s  o
Of the 23 boundaries observed in  th is  work* 15 bound- 
a r ie s  were w ith in  5>° o f  being in  an eq u ilib r iu m  position*,
S i x  o f  the  r em a in in g  e i g h t  b o u n d a r ie s  c o n t a i n e d  d i s l o c a t i o n s  
w i t h i n  2 0 °  o f  b e i n g  i n  a screw  o r ie n t a t io n * ,  T h is  p o s i t io n ™  
in g  i s  s i g n i f i c a n t  s i n c e  t h e  screw components o f  d i s l o c a t i o n s  
may move under th e  i n f l u e n c e  o f  r a d i a l  f o r c e s ,  The t r e a t ­
ment u s e d  in  t h i s  work assumes t h a t  th e  d i s l o c a t i o n s  are  i n  
e q u i l i b r i u m  when the t a n g e n t i a l  f o r c e s  are  z e r o  and th e  
r em a in in g  r a d i a l  f o r c e  i s  n o t  a b le  t o  move them, A l th o u g h  
o n l y  I}, b o u n d a r ie s  were a n a l y z e d  i n  h y d r o g e n -a n n e a le d  m a te r ­
i a l s  s i t  i s  n o te w o r th y  t h a t  th e y  were a l l  w i t h i n  5 °  o f  an 
e q u i l i b r i u m  p o s i t i o n  f o r  th e  boundary*.
The su b b o u n d a r ie s  formed s u b g r a in s  o f  v a r y in g  size*,  
F ig u re  l £  shows a t y p i c a l  s u b s t r u c t u r e ,  b o t h  p a r a l l e l  and
d
normal t o  th e  d i r e c t i o n  o f  g r o w t h „ Most o f  the  s u b g r a i n s  
were b e tw een  80 and 200 m icrons  i n  diameter*, The l e n g t h  
o f  the s u b g r a in s  v a r i e d  from l/lq. cm t o  1 cm. Some s u b g r a in s  
were as  ^ong as the  c r y s ta l* ,
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F ig u r e  1 5 .  T y p ic a l  S u b s t r u c t u r e .  P hotom icrograph  (a 
Normal t o  the growth d i r e c t i o n .  P hotom icrograph  (b)  






E t c h - p i t s  are  formed a t  d i s l o c a t i o n  s i t e s  when the  
d i s l o c a t i o n s  have been decoratedo  A s o l u t i o n  o f  1 p a r t  
s u l f u r i c  a c i d  in  7 p a r t s  o f  m ethyl  a l c o h o l  i s  an e l e c t r o ^  
e t c h a n t  which w i l l  form e t c h - p i t s  a t  d e c o r a t e d  d i s l o c a t i o n  
s i t e s .  D e c o r a t io n  i s  a c co m p l i sh ed  by the movement o f  i n t e r ­
s t i t i a l  i m p u r i t i e s  t o  the d i s l o c a t i o n  s i t e s .  An a n a l y s i s  
o f  the  atom ic  r a d i i  o f  i m p u r i t i e s  in  molybdenum s u g g e s t e d  
t h a t  carbon and oxygen were p r o b a b ly  the d e c o r a t i n g  e l e m e n t s .
D e c o r a t io n  phenomena are  c l o s e l y  r e l a t e d  t o  th e  temp­
e r a t u r e  dependence o f  the  y i e l d  s t r e n g t h  o f  b o d y - c e n t e r e d  
c u b ic  m e t a l s .  T h is  r e l a t i o n s h i p  was d em on stra ted  by the  
f a c t  t h a t  d i s l o c a t i o n s  became d e c o r a t e d  a t  6 0 0 °C w hich  i s  
c l o s e  to  th e  a n n e a l i n g  tem p erature  a t  which the  y i e l d  p o i n t  
r e t u r n s  t o  molybdenum. S in c e  p inned  d i s l o c a t i o n s  cause  
b a r r i e r s  to  s l i p  and thus r e s u l t  in  low d u c t i l i t y *  i t  would  
appear t h a t  when molybdenum i s  produced w i th  su ch  low  
c o n c e n t r a t i o n s  o f  carbon and oxygen t h a t  the d i s l o c a t i o n s
lt-0 .
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are  n o t  d e c o ra ted *  i t  w i l l  become more d u c t i l e 0 S i n c e  e t c h -  
p i t s  can be formed in  molybdenum which has been  a rc  c a s t  and 
quenched* the d e c o r a t i o n  p r o c e s s  must be r a p i d  a t  h i g h  temp­
e r a t u r e s  , At 600°C* d e c o r a t i o n  can be a c c o m p l i s h e d  in  l e s s  
than 1 5  m i n u t e s .
The depth  o f  the l a y e r  o f  h i g h - d i s l o c a t i o n  d e n s i t y *  
betw een  300 and I4.OO m icrons  deep* was more than ex p e c ted , .  
This  depth  i n d i c a t e s  th e  e a s e  o f  c o l d  w ork ing  molybdenum 
s i n g l e  c r y s t a l s .
The d i s l o c a t i o n  s t r u c t u r e  o b s e r v e d  in  a r c ^ c a s t  mo­
lybdenum i s  t y p i c a l  o f  s t r u c t u r e s  quenched from the m e l t .  
Many d i s l o c a t i o n s  are  fo u n d  in  the  c e n t e r  o f  s u b g r a i n s .  
D i s l o c a t i o n s  are  a lw ays  fou n d  around i n c l u s i o n s .  These 
d i s l o c a t i o n s  are  p r o b a b ly  formed by the  p l a s t i c  d e fo r m a t io n  
c a u se d  by the  h ig h  s t r e s s e s  when the  molybdenum c o n s t r i c t s  
around th e  i n c l u s i o n s .  Other d i s l o c a t i o n s  are  o b s e r v e d  
which form d u r in g  c o o l i n g *  bu t  the  so u r c e  i s  n o t  known.
These d i s l o c a t i o n s  form r o s e t t e s  t y p i c a l  o f  t h o s e  formed  
when s m a l l  p a r t i c l e s  are  dropped on the  s u r f a c e  o f  a p i e c e  
o f  m e t a l .  These  c o u ld  p o s s i b l y  have been  formed by s t r e s s e s  
s e t  up between g r a i n s  w h ich  are  c o o l e d  a t  d i f f e r e n t  r a t e s .  
D i s l o c a t i o n s  are  a l s o  fo u n d  i n  p i l e - u p s  which  have been  
c a u s e d  by e x t e r n a l  work. Some su b b o u n d a r ie s  are o b s e r v e d  
which  are  c a u se d  by s l i g h t  m i s o r i e n t a t i o n s  o f  p a r t s  o f  th e
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s i n g l e  c r y s t a l s  during  growths
The subboundary netw ork  in  molybdenum c o n t a i n s  su b -  
b o u n d a r ie s  h a v in g  a 0  <J)0l) Burgers  v e c t o r s  and su b b ou n d a r ie s  
h a v in g  a 0/ 2  B u rgers  v e c t o r s  0 Most o f  the  su b b o u n d a r ie s
i n  molybdenum can be made to take  e q u i l i b r i u m  p o s i t i o n s  by  
a n n e a l i n g  a t  l 5 0 0 ° C o These p o s i t i o n s  are p r e d i c t e d  u s i n g  
b o t h  i s o t r o p i c  and a n i s o t r o p i c  e l a s t i c i t y * ,  A l th o u g h  the  
a n i s o t r o p y  f a c t o r  in  molybdenum i s  (><,7 2 1 $, th e  s i m i l a r i t y  in  
r e s u l t s  b e tw een  i s o t r o p i c  and a n i s o t r o p i c  e l a s t i c i t y  i s  
n o t  su rp r is in g* ,  The s l i p  p l a n e s  i n  molybdenum are symmetry 
p l a n e s 5 t h u s ,  a t  l e a s t  one e q u i l i b r i u m  p o s i t i o n  o f  the  
boundary must be p e r p e n d i c u l a r  to  the  s l i p  p l a n e „ However,  
t h a t  t h e s e  p o s i t i o n s  were the  o n ly  e q u i l i b r i u m  p o s i t i o n s  
was u n e x p e c t e d ,  s i n c e  a n i s o t r o p y  p r e d i c t s  th e  p o s s i b i l i t y  o f  
more than on© e q u i l i b r i u m  p o s i t i o n  *
Man^ o f  th e  subboundary j u n c t i o n s  i n  molybdenum are  
formed by the r e a c t i o n s  o f  the  type
~  [111] -f ^  [ iTTj — o [WO] o
In m e t a l s p a t t r a c t i v e  j u n c t i o n s  o f  t h i s  type  c o n t r i b u t e  
s u b s t a n t i a l l y  to  the  f l o w  s t r e s s „
Most o f  th e  su b b o u n d a r ie s  in  molybdenum were n e a r l y  
p a r a l l e l  to  th e  growth d i r e c t i o n ^  w hich  c o n d i t i o n  s u g g e s t s  
t h a t  s u r f a c e - e n e r g y  r e q u ir e m e n t s  d u r in g  growth are a major
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f a c t o r  in  the f o r m a t io n  o f  s u b s t r u c t u r e „
The s u b s t r u c t u r e  in  the molybdenum s t u d i e d  was l a r g e <> 




D e f i n i t i o n s
A n is o t r o p y  F a c t o r
The a n i s o t r o p y  f a c t o r  in  c u b ic  c r y s t a l s  i s  d e f i n e d  as  
t h e  square  o f  the r a t i o  o f  the  v e l o c i t i e s  o f  th e  sh ear  waves  
p r o p o g a te d  in  the  L̂OÔ  and ^116^ d ir e c t io n s * ,  The a n i s o ­
t r o p y  f a c t o r  may be c a l c u l a t e d  from the  e l a s t i c  c o n s t a n t s  
by
a * J g y L - .
°1X"g 12
The a n i s o t r o p y  f a c t o r  i s  u n i t y  f o r  e l a s t i c  i s o t r o p y *
Good M a t e r i a l
Good m a t e r i a l  i s  a r e g i o n  o f  a c r y s t a l  in  w hich  each  
atom i s  surrounded by i t s  n e ig h b o r s  i n  the  way t h a t  the  
o t h e r  atoms in  the  c r y s t a l  s t r u c t u r e  a r e  surrounded^ e x c e p t  
f o r  e l a s t i c  d i s p la c e m e n t s *  A good r e g i o n  d i f f e r s  from a 
p e r f e c t  c r y s t a l  o n l y  in  t h a t  the  r e g i o n  may be e l a s t i c a l l y  
deformed*
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D i s l o c a t i o n
A d i s l o c a t i o n  I s  a ty p e  of  l i n e  I m p e r f e c t i o n  I n  an  
o t h e r w is e  p e r f e c t  c r y s t a l .  A c h a r a c t e r i s t i c  c o n s t a n t P the  
Burgers v e c t o r P I s  a s s o c i a t e d  w i t h  a d i s l o c a t i o n .  The 
magnitude and d i r e c t i o n  o f  t h i s  v e c t o r  can he d e f i n e d  i n  
a number of  e q u i v a l e n t  w a y sP two of  w h ich  w i l l  he d i s c u s s e d  
h ere  *
The f i r s t  d e f i n i t i o n  I s  hased  on the  Burgers  c i r c u i t *  
The Burgers  c i r c u i t  i n  t h e  sp ec im en  must he e n t i r e l y  i n  
good m a t e r ia l*  Xt i s  compared w i t h  an i d e n t i c a l  seq u en ce  
o f  a t o m - t o - a t o m  s t e p s  a l o n g  a r e l a t e d  c i r c u i t  which  forms  
a c l o s e d  p a t h  i n  a p e r f e c t  c r y s t a l *  The p a t h  i n  the  s p e c i ­
men e n c i r c l e s  a d i s l o c a t i o n  I f  the  p a t h  f a l l s  t o  c l o s e .
The Burgers  v e c t o r  I s  th e  c l o s u r e  f a i l u r e  o f  th e  c i r c u i t .
The second  d e f i n i t i o n ^  Independent  o f  t h e  c r y s t a l  
s t r u c t u r e , i s  a m a th e m a t ic a l  f o r m u la t io n *  C orresp ond in g  t o  
th e  Burgers  c i r c u i t  i s  a l i n e  I n t e g r a l  o f  th e  e l a s t i c  d i s ­
p la c e m e n ts  9 u ^ 0 T h is  l i n e  I n t e g r a l  v a n i s h e s  i f  i t  l i n k s  
good m a t e r ia l*  Xt f a i l s  t o  v a n i s h  i f  I t  l i n k s  a d i s l o ­
c a t i o n *  The Burgers v e c t o r  I s  t h e n  d e f i n e d  as  the  
^ v a n i s h in g  f a i l u r e pw
T h is  l a s t  d e f i n i t i o n  p o i n t s  t o  a d i f f i c u l t y  I n  the  
s im p le  t h e o r y  of  e l a s t i c i t y *  The d i s p l a c e m e n t s  cannot he
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c o n t i n u o u s , s i n g l e - v a l u e d  f u n c t i o n s  o f  p o s i t i o n  i f  the  
l i n e  i n t e g r a l  i s  to  be n o n - v a n i s h i n g *  In f a c t j ,  the d i s ­
p la c e m e n t s  must be d i s c o n t i n u o u s  or m u l t i p l e - v a l u e d  when 
d i s l o c a t i o n s  e x i s t  i n  th e  m a t e r i a l *
Screw D i s l o c a t i o n
A screw  d i s l o c a t i o n  i s  d e f i n e d  as  a d i s l o c a t i o n  
p a r a l l e l  t o  i t s  B u rg ers  v e c t o r *
Edge D i s l o c a t i o n
An edge d i s l o c a t i o n  i s  d e f i n e d  a s  a d i s l o c a t i o n  
p e r p e n d i c u l a r  t o  I t s  Burgers  v e c t o r *
Subboundary
A subboundary i s  an a r r a y  o f  d i s l o c a t i o n s *  This a r r a y  
o f  d i s l o c a t i o n s  c a u s e s  a m i s o r l e n t a t i o n  be tw een  a d j a c e n t  
p o s i t i o n s  o f  a c r y s t a l *  A subboundary made o f  edge d i s ­
l o c a t i o n s  is .  ghowm schema t i c  a l l y  In F ig u r e  16*
P o l y g o n l z a t  ion
P o l y g o n i z a t i o n  i s  d e f i n e d  as  the  p r o c e s s  w h e r e in  d i s ­
l o c a t i o n s  on d i f f e r e n t  s l i p  p l a n e s  l i r e  up one above th e  
o t h e r  t o  form a subboundary*
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F ig u r e  1 6 .  A sc h e m a t ic  r e p r e s e n t a t i o n  o f  a subboundary  
formed by edge  d i s l o c a t i o n s .  The symbol J- d e n o t e s  an 
edge  d i s l o c a t i o n .
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APPENDIX I I
A Review o f  S t r o h 3s Treatment o f  D i s l o c a t i o n s
The e q u a t i o n s  p r e s e n t e d  in  t h i s  s e c t i o n  f o l l o w  the  
c o n v e n t i o n  t h a t  a r e p e a t e d  a l p h a b e t i c a l  s u f f i x  i n d i c a t e s  
summation as  the  in d ex  t h a t  i s  r e p e a t e d  t a k e s  the  v a l u e s  
1 ,  2 ,  3 * Thus
a-^jXj s  ^11^1^" ®12 x 2 ^  ^ 1 3  x 3°
The p a r t i a l  d e r i v a t i v e  <2u^y^Xj w i l l  ve w r i t t e n  by  
i n t r o d u c i n g  the  symbol ° s o  t h a t
ui , j  =
Thus
u i 9i  = ^ V P x l  f  ^U2 ^ X2 ^ ^ U3 ^ X3
Second d e r i v a t i v e s  w i l l  be w r i t t e n  u s i n g  the symbol  
u. s o  t h a t





General  E q u a t io n s
A cco rd in g  to  the  l i n e a r  th e o ry  o f  e l a s t i c i t y ,  b ased  on
Hooke1s Law« the s t r e s s e s  f ^ are r e l a t e d  to  the  e l a s t i c  9 qr
d i s p l a c e m e n t s  u by the e q u a t i o n sS
'Y
*qr ~ c q r s t  u s , t  
The e l a s t i c  m oduli  c qr s  ̂ have th e  symmetry p r o p e r t i e s
c q r s t  “ c r q s t  " c q r t s  1=1 c s tq r °
For a body to be in  e q u i l i b r i u m  under body and s u r f a c e  
f o r c e s ,  the r e s u l t a n t  f o r c e  from a l l  body and s u r f a c e  f o r c e s  
must v a n i s h  and a l l  f o r c e  moments must sura t o  zero* Ex­
p r e s s e d  in  terms o f  t e n s o r  n o t a t i o n ,  t h o s e  c o n d i t i o n s  are  
c o n t a i n e d  in  the  e q u a t i o n
where r e p r e s e n t s  body f o r c e s  and p r e p r e s e n t s  s u r ­
f a c e  f o r c e s *  The body f o r c e s  are n e g l i g i b l e  compared to 
the s u r f a c e  f o r c e s  and hence can be o m i t t e d  l e a v i n g  
^ q r , r  ” 8 (2)
t h e r e f o r e ,  from ( l )
cq r s t  u s , r t  " 8  (3)
L e t  x ^ ,  X£ and x^ be the t h r e e  C a r t e s i a n  ax es*  I f  ug 
i s  in d ep en d e n t  o f  , and i f  
ug = Agf ( x 1+Px 2 ) (ii)
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t h e n  e q u a t io n  ( 3 ) i s  a s o l u t i o n  o f  e q u a t i o n  ( 2 ) i f  A 
s a t i s f i e s  the  e q u a t i o n
(eq l * i fP ° 9l s 2 +P°q2Sl + p 2eq 2 s2 )As = ° (5)
U o n - t r i v i a X  s o l u t i o n s  f o r  A e x i s t  i f  p i s  a r o o t  o f  the
3 x 3  d e ter m in a n t
I © . , f p c  ,  _ -tpc -f-p2 © I " 0  ( 6 )
1 qX sl  q l s 2  q 2 s l  q 2s2 '
E q u a t io n  ( 6 ) 5, a s e x t i c  e q u a t i o n ,  can have up to  s i x  unequal
r o o t s ,  which occur  as t h r e e  p a i r s  o f  complex c o n j u g a t e s 0
E sh e lb y ^  has shown t h a t  no r e a l  r o o t s  are  p o s s i b l e  in
e q u a t i o n  ( 6 )„ The t h r e e  r o o t s  w i t h  p o s i t i v e  im aginary
p a r t s  w i l l  be d enoted  by 1 , 2 , 3 ) w i t h  complex c o n -
j u g a t e s  p^"‘o The c o r r e s p o n d in g  v a l u e s  o f  o b t a i n e d  from
e q u a t i o n  (5 )  w i l l  be d en o te d  by A and A* * R epeated
Greek s u f f i x e s  w i l l  n o t  i n d i c a t e  a summation,,
I f  x^+ Vcxk 2 9 a g s u e r a l  e x p r e s s i o n  f o r  the
d i s p la c e m e n t  i s ,
us  («U>* (7)
The s t r e s s e s  may be e x p r e s s e d  c o n v e n i e n t l y  in  terms o f  a 
v e c t o r ,  th e  components o f  which are  jZT * The e q u a t i o n s  
r e p r e s e n t e d  by ( 2 ) are  s a t i s f i e d  when th e  s t r e s s e s  are  
in d ep en d e n t  o f  x^ ,  i f  th e  s t r e s s e s  are d e r i v e d  from the  
b7
Tq l  = “*q . 2 8 ^ 2  a *1 , 1  (8)
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1
E s h e lb y  e t  a l  have shown t h a t  the  r e s u l t a n t  f o r c e
a c t i n g  a c r o s s  a curve C i s  & 0q9 where i s  th e  change
o f  0  g o in g  a lo n g  Ga 
0.
Prom e q u a t i o n s  ( l ) s ( 7 ) s and ( 8 )
s | L q A ( ^ ) f l L V ^ (z^  ( 9 )
where
V  = ( c q 2 s P P̂ ° q 2 s 2 )A S ( 1 0 )
E l a s t i c i t y  A p p l i e d  to D i s l o c a t i o n s  
D is p la c e m e n ts  o f  the  form
” 2Tfi Zoc 2 W I ^ ^ 3 l n 7.oc  (11 )
are  the same form as  e q u a t i o n  (7)® Along a c l o s e d  p a th  
e n c i r c l i n g  the a x i s s th e  d i s p l a c e m e n t ^  v a r i e s  by an 
amount
b s = ^ ( A ^ + A ^ D *  ) (12)
Prom (9 ) ,  the s t r e s s  f u n c t i o n s  are  g iv e n  by
K  = m i \ ^ n %<■' z£ -  ^ 3 )
and the r e s u l t a n t  f o r c e  a c r o s s  the  curve  i s  g i v e n  by
The c o n s t a n t s  D may be de term ined  by s e l e c t i n g  v a l u e s  o f  
A 0 q  and b s <> To r e p r e s e n t  a pure d i s l o c a t i o n  w i t h  no f o r c e
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a c r o s s  the  l i n e  o f  the  d i s l o c a t i o n  i s  s e t  e q u a l  t o
z e r o 0 The bg s s are  s e t  e q u a l  to  th e  Burgers  v e c t o r  o f  th e  
d i s l o c a t i o n 0
For s i m p l i f y i n g  n o t a t io n , ,  th e  f o l l o w i n g  c o n s t a n t s  ar© 
d e f i n e d  by
d e f i n i n g
where i s  th e  Kronecker d e l t a 5
V  '  M  ~ A  V M'^  r  defining V s
bq “ Bq r dr  d e f i n i n g  d^,
and | i  M ^dy d e f i n i n g
Then the  s t r e s s  f u n c t i o n s
S W H  ( V * T  l n  l n  z t<-)dr  (1 * }
r e p r e s e n t s  a d i s l o c a t i o n  w i t h  B urgers  v e c t o r  b fi<,
Combining e q u a t i o n s  (15)  aiid ( 8 )
% 1  = -  w >Z ^ ^ ’2  V  +  LV PS<.**
\ z  s  5 i r £  (Lq ^ a " i  M« * + I £ q  z tC 1 MoCr) V
S t r o h  shows th a t  th e  en erg y  o f  i n t e r a c t i o n  o f  two p a r a l l e l  
d i s l o c a t i o n s  p a r a l l e l  t o  th e  x ^  a x i s  i s  g i v e n  by
V “ < ! % > £  (Lq ^ r  l n  lnZ' L )dr
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where
V  ^1”̂ P ^2° ^1 * n(  ̂ ^2 are  c o o r ^ i n a ^e s  the  
i n t e r s e c t i o n  o f  one d i s l o c a t i o n  w i t h  the  x ^  plan© a t  
the  o r i g i n »
I n t r o d u c in g  p o l a r  c o o r d i n a t e s 9 
InZ^ “ In  r - f  l n  ( c o s  in  © ) 9
t h e  t a n g e n t i a l  f o r c e ,  , i s  t h e n  g i v e n  by
P« S " T v 9®“ T y n ^ i i  L« A r  ( f?a©s- f p l s i n ne  » LV &
p ^ e o s  © - s i n  ©
^5os©+ p"^ s i n © ^ 0
When F^ i s  z e r o ,  th e  two d i s l o c a t i o n s  are in  an 
e q u i l i b r i u m  p o s i t i o n  w i t h  r e s p e c t  to  each  o t h e r ,  i f  o n l y  
c o n s e r v a t i v e  m ot ion  i s  a l lo w ed o
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APPENDIX I I I  
E v a l u a t i o n  o f  C o n s ta n t s  in  S t r o h 5s Treatment
The e v a l u a t i o n  o f  th e  c o n s t a n t s  used  in  S troh ^ s  t r e a t ­
ment r e q u i r e s  t h a t  the  e l a s t i c  c o n s t a n t s  Gq^ be c o n v e r t e d  
t o  t e n s o r  form , c qP g -|;0 Th is  can be done u s i n g  the  f o l l o w ­
in g  schemes: 1  c o r r e sp o n d s  to 1 1 9 2  to  2 2 , 3  to  3 3 , ^ t o  
2 3 9 5 t o  3 1 ,  and 6  t o  12o Thus
CX1  s  c l l l l s >  c 1 2  s  e lX 2 2 9 etCo 
In t h i s  form th e  e l a s t i c  c o n s t a n t s  can be t r a n s fo r m ed  to  
th e  v a r i o u s  sy s te m s  o f  a x e s  req u ired , ,  E l a s t i c  c o n s t a n t s  
in  the  l i t e r a t u r e  are  g i v e n  w i t h  r e s p e c t  to  th e  (lOcO s 
jbio] s [boil a x e So In  order  to  t r a n s fo r m  t h e s e  c o n s t a n t s  
i n t o  th e  sy s tem  under s t u d y 9 th e  f o l l o w i n g  e q u a t i o n  i s  
used?
© „ ® 1 1 1 X cmnop mq nr os pfe qrsH
where the are  r e l a t e d  t o  th e  new a x e s  and th e
a re  r e l a t e d  t o  the o l d  a x e s 0 The 1 ^  i s  the d i r e c t i o n
c o s i n e  b e tw een  the  new x^ a x i s  and the o l d  x a x i s 0q
5 k -
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The e l a s t i c  c o n s t a n t s  f o r  molybdenum determ ined  by 
11B o l e f  and Guernsey ares
O n  " 0 ^ 2  ” ^ 3 3  ~ 1|_o6 3  x  I 0 1 2  dynes/cm^
C| | s  -  l a 085 x 1012 dynes/cm ^
° 1 2  "  C 1 3  =  c 3 i  =  C 2 1  =  C 2 3  =  C 3 2  =  X * 6 2  x  1 0 ^
dynes/cm^o
A l l  o t h e r  -  0 o
With a d i s l o c a t i o n  i n  the ^ L i o )  d i r e c t i o n  and h a v in g  
a B urgers  v e c t o r  a 0^  (jLllj 9 the s l i p  p lan e  f o r  such a 
d i s l o c a t i o n  i s  in  the (110)  p lane*  S in c e  in  S t r o h !s treat<  
m e n t , the  x^ a x i s  i s  p a r a l l e l  to  the  d i s l o c a t i o n  l i n e ,  a 
c o o r d i n a t e  sy s te m  w i l l  be used  where i s  p a r a l l e l  to  the  
[11.5 d i r e c t i o n 9 X2  i s  p a r a l l e l  to  the  [jL1 2 ] d i r e c t i o n ^  
and Xj i s  p a r a l l e l  to  the  (llcQ d i r e c t i o n *  When the  
e l a s t i c  c o n s t a n t s  are r e f e r r e d  to  the  a x e s  C1 1 3  , j j L i U ,
(xx0 ]»  th e y  become in u n i t s  o f  1 0 ^  dynes/cm^
c x x x x
Z i t o 0 6
C1122 s C X 1 3 3 =  X  = 9 0
C1212 3 S C X 3 1 3 =  X . 3 6
C I 2 2 2
=
g X 2 3 3
=  - c 1 3 ;
c 2222 - C 3 3 3 3 -  i ^ o 2 0
C 2 2 3 3
1 X „ ? 6
♦ 200
T 928 5 6 .
c 2 3 2 3  = 1 . 2 2
CX112 = Ci l l 3  = °1 1 23  = c 1213 " c 1223 " C1322 * C1333
C2223 = C2333 * °*
Then a c c o r d in g  to  e q u a t i o n  ( 6 ) , Appendix I I ,  p i s  a 
r o o t  o f
i f . 06+1 .3 6  p2 3 . 26p+0 .2 0 0  p2 0
3 .2 6 p + 0 .2 0 0  p2 1.36+ O.ifOOpflf.20p2 0 = 0
0 0 I . 3 6 -O .ifOOp+1. 22p2
The r o o t s  o f  t h i s  e q u a t i o n  are
px = O .I639 ■+ 1 . 0l|_3 i
P2  = - 0 . 3 5 1 9 +  0 o 79091
p^ -  0 . 14. I89 ■+ 1 . 0 6 0 i
and the com plex  c o n j u g a t e s  o f  p ^ , p2j and p^» The o t h e r  
c o n s t a n t s  c a l c u l a t e d  as  shown in  Appendix I I  are  g i v e n  i n  
Tab le  Ij..
When t h e s e  c o n s t a n t s  are  s u b s t i t u t e d  i n t o  e q u a t i o n  ( 1 7 ) ,  
Appendix I I ,  Pq i s  g i v e n  by  
2
P© -  [ 5 . 7 3 f ( P p  + 6 . 9 i + f ( p 2 ) - 2 . 9 2 f ( p 3 )]
where f ( l ^ )  i s  the r e a l  p a r t  o f
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p ^ e o s © -  s i n ©
  ■  -  - ----------------- o
c o s  s i n  0
Fe  e q u a l s  zero  o n l y  f o r  v a l u e s  o f  5>ii° I4J4J or
© ~ 2 3 I4-0  k k '  * The p la n e  r e p r e s e n t e d  by t h i s  v a lu e  o f  6  i s  
p e r p e n d i c u l a r  to the  (110)  p la n e  o f  the c r y s t a l®
Table  ip i s  a t a b u l a t i o n  o f  the  c o n s t a n t s  f o r  d i s l o -  
c a t i o n s  in  the  QlIQ) d i r e c t i o n  and w i t h  Burgers  v e c t o r s  in  
t h e  [ l l ^  9 QloqU or fool)  d i r e c  t i o n s  0
Table  5 i s  a t a b u l a t i o n  o f  the  c o n s t a n t s  f o r  d i s ­
l o c a t i o n s  i n  the  [ 1T2 ] d i r e c t i o n  and w i t h  Burgers  v e c t o r s  
i n  th e  [m 3 , [ m ] , or £oo3 d i r e c  t i o n s o
In a l l  s i x  c o n d i t i o n s  r e p r e s e n t e d  by t a b l e s  Ip and .5 ,  
the  o n l y  e q u i l i b r i u m  p l a n e s  were th o s e  p e r p e n d i c u l a r  to the  
s l i p  p la n e s o  A s l i p  p la n e  i s  d e f i n e d  as the p la n e  c o n ­
t a i n i n g  the  B u rgers  v e c t o r  and the d i s l o c a t i o n ®
C a l c u l a t i o n s  were a l s o  made f o r  d i s l o c a t i o n s  in  the  
Cool] d i r e c t i o n  and w i t h  B u rg ers  v e c t o r s  in  the  foioj and
d i r e c t io n s ®  B ou nd ar ies  c o n t a i n i n g  t h e s e  d i s l o c a t i o n s  
were a l s o  p e r p e n d i c u l a r  to  the s l i p  planes®
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T able 4
C a l c u l a t e d  C o n sta n ts  f o r  a D i s l o c a t i o n  in  the  
D i r e c t i o n  and a £Lll) Ql12J Q io j  C o ord in a te  System  
C o n sta n t
A LS u b s c r i p t M
11 OoOO 0*00 oo0o
21 0*00 0*00 -Oolj.i5-Ooi03i
31 1*00 l * 2 7 i Ool+15-0.14-761
12 1*00 0 *3 9 4 +2 * 4 5 1 0 o00
22 0*7940*9671 -2*4041*561 -0„ 0 6 5 2 - 0 .  l*.83 i
32 0*00 0*00 0 o 2314-0 *4961
13 1*00 “0*31342*191 -0 * 7 8 6 1
23 -0*52ij.4-0 *593 i “ 1 *6 8 - 0 * 9 6 1 0 * 0 0












* 0  [ I l l J B u r g e r s  V ector  
2
Cons t a n t
Subs
1 0  o 8 6 6 a o
l » 2 2 6 a 0
“2*123®
i* 5 4 « o
2 o1 8 . 0
- 2 *70a
l * 0 6 a o
o
(0 * 60 6 -0 * 3 9 1 1 )® o 
( - 0 * 1 7 5 tO * 5 7 2 i )a
T 928
Table  I4. (C ont inued)
a0 / looj B u rgers  V ector
C on sta n t
S u bscr  i p t s ^-^ b d ___________ D
1 O .$77*0 0 * 9 8 l a o 0 .35 i | j io
2 =0 „l4.08ao -0«,691ao .( -0 .1 l6 -0 * l8 li)a o
3 0o707ao 0o899ao (0 .lj.0£M).1 2 l*I)a 0
a© [ p o i j  B u rgers  V ector
**^>«^Cons ta n t
S u b s c r i p t  * b d ,___________D
1 Oo577a© 0 o00
2  0.817a© 1.03a© (0.32-3-0 o'33l|.i) a©
3  0 * 0 0  O o O O  (0.0'90-0.1*20I)a
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Table  5
C a l c u l a t e d  C o n s ta n t s  f o r  a D i s l o c a t i o n  in  th e  112 
D i r e c t i o n  and a £XXO) f i l l ]  / l l g j  C o o r d in a te  Syst@m0
The can be tra n s fo r m ed  from th o se  in  the
(IT 2 I (iT q | s y s te m  by r e p l a c i n g  the  s u b s c r i p t  1 w i t h  2 S 2 
w i t h  3  s and 3  w i t h  1 *
-  Go814.21 
p2 -  0ol4.06K)o982i
P3 -  -0.1|.06f0.982i 
^ v J J o n s t a n t
S h b s c r i p ^ ^  A L M B
11
000H 2 .6 6 1 0 .1 6 0 1 0 .5 7 2
21 1 .U81 - 3 .1 6 0.392-0.3661 0 .0 0
31 2.1481 -3 .0 4 - 0 . 3 9 2 - 0 .3 6 6 1 0 .0 0
1 2 1 .0 0 -0.3*4+2.301 - . 2 0 2 0 oOO
2 2 0.572f0.7121 - 1 . 88- 1 .1 1 1 0 . 181++0 .14.76 ! 0 .5 8 1
3 2 O.I4.92-+0 . 01591 0 . 050+0 .6 6 6 1 0 . 1814.-0 . 14-161 0 .0 2 7 8
13 1 .0 0 0.32l4-+2.30i —0 0 260 0 0 O O
23 0.572 - 1 . 88+1 .1 1 1 0.129-0.1511 0 .0 2 7 8
33 -0.^92+0.01591 0 . 0 5 0 - 0 .6 6 6 1 0.129+0.1511 0.789
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T ab le  9 (C o n t in u e d )
o
2 ( l lX j B u rgers  V e c to r
!ons ta n t  
S u b s c r ip t
3





O o O O
0 o$00a(
O o O O
O o O O
0 o862a o
- 0 .0 8 2 9 1  a 0 
( - 0 .2 0 7 + 0 .0 7 7 2 1 ) * o
.0 o 030 i4. a o  ( 0 o 2 0 ? * f 0 o 0 7 7 2 i )  * o
i [001]  B u rgers  V e c to r
d D
O o O O
Oo?77«(
0 o8 l6 a .
O o O O
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